In this study, a sensitive colorimetric method for the detection of copper ion (Cu 2+ ) was developed based on controlling the peroxidase-like activity of (gold core)@(ultrathin platinum shell) nanocatalysts (Au@Pt-NCs). It was found that D-penicillamine can effectively inhibit the activity of Au@Pt-NCs. After being incubated with Cu 2+ , D-penicillamine lost inhibition toward the catalytic ability of Au@Pt-NCs. Based on the above interaction, a colorimetric detection of Cu 2+ was develop by measuring the colorimetric signal variation of the H2O2-3,3′,5,5′-tetramethylbenzidine (TMB) reaction. This method exhibited high sensitivity and selectivity toward Cu 2+ over a panel of other metal ions. The detection limit of this method was 3.7 nM and the linear range was 20 -300 nM. Moreover, 20 nM Cu 2+ can be distinguished directly by the naked eye. Furthermore, this method was applied to the analysis of water samples with good accuracy. These results demonstrated the excellent application potential of the method.
Introduction
Copper ions (Cu 2+ ) play a crucial role in biochemical reactions and in physiological regulations. 1, 2 However, high levels of Cu 2+ can bring about health risks. Exposure to elevated levels of Cu 2+ can significantly decreases the glutathione level, leading to oxidative stress of the human body. Some diseases, such as cancer, neurological disorders and diabetes, cardiovascular disease and atherosclerosis, have been associated with Cu 2+ . [2] [3] [4] Many methods including atomic absorption spectroscopy (AAS), [5] [6] [7] high-performance liquid chromatography (HPLC), 8 inductively coupled plasma mass spectrometry (ICP-MS), 9 and fluorescent spectroscopy, 10, 11 have been developed for Cu 2+ detection. Most of these methods have the advantages of high selectivity and sensitivity, but sophisticated instrumentation and highly trained operators limit their application in practical applications. Therefore, the development of an accurate and rapid method for Cu 2+ detection was very important. Among various detection approaches, colorimetric methods [12] [13] [14] have been widely utilized for Cu 2+ measurements due to their obvious merits, such as low cost, simplicity, practicality, and observable by the naked eye. However, the sensitivity and selectivity need to be further enhanced. Recently, many nanomaterial-based colorimetric methods have been reported, and most of them have good performance for Cu 2+ detection. For example, Deng et al. reported a simple and sensitive colorimetric method for the detection of Cu 2+ using thermally treated bare GNPs as probes. 15 Hua et al. utilized "click" chemistry-induced aggregation of gold nanoparticles and the reaction monitored by UV-vis over 400 -800 nm. 16 Ma et al. proposed a sensitive and quick colorimetric sensor for copper ions based on dopamine-stabilized AgNPs. 3 Recently, many metallic nanoparticles with enzyme-like activity, termed as "enzyme mimics", have attracted considerable interest. 17 These enzyme mimics have demonstrated broad application in detecting various targets, such as metal ions, 18, 19 anions, [20] [21] [22] small molecules [23] [24] [25] and nucleotide acid, 26 etc. Among various metallic nanoparticles, the (gold core)@ (platinum shell) nanoparticle possessed unique catalytic properties and attracted special attention. 27, 28 For example, Yin and Wu et al. established an enzyme-linked immunosorbent assay for mouse interleukin 2 detection based on the intrinsic oxidase-like, peroxidase-like and catalase-like activity of Au@ Pt nanostructures. 29 Lu and Tang et al. utilized Au@Pt nanohybrids as a highly efficient peroxidase mimic for an amplified colorimetric immunoassay. 30 Zhuang et al. used (gold core)@(ultrathin platinum shell) nanohybrid as a highly effcient signal amplification method for an ultrasensitive headspacecolorimetric assay of dissolved H2S. 31 In this study, we found 
Experimental

Reagents and chemicals
Hydrogen tetrachloroaurate(III) (HAuCl4·4H2O), K2PtCl6, sodium citrate and L-ascorbic acid were purchased from Aldrich (Milwaukee, WI). 3,3′,5,5′-Tetramethylbenzidine (TMB) and D-penicillamine were purchased from Aladdin Reagent Company (Shanghai, China). 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from Cayman Chemical (Ann Arbor, Michigan). All of the metal salts were purchased from the National Institute of Metrology (Beijing, China). Na2HPO4·12H2O, NaH2PO4·2H2O, citric acid monohydrate and hydrogen peroxide (H2O2, 30%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All of the reagents used were of analytical grade. Ultra-pure water prepared with a Milli-Q Pure system was used throughout the experiments.
Apparatus
A field-emission transmission electron microscope (TEM, JEM-2100, JEOL, Japan) was used to obtain TEM images and the energy dispersive X-ray spectroscopy (EDX) of NPs at an accelerating voltage of 200 kV. The UV-visible (UV-vis) absorption spectrum was measured at room temperature on an Agilent Cary 60. Quantitative absorption measurements of UV-vis were obtained with a microplate reader (Bio-Tek, Elx800, USA). The zeta potential and size distribution were measured using a ZetaPALS analyzer (Brookhaven, USA). EPR signals were measured by a Bruker EMXplus-10/12 spectrometer (Bruker, Germany) with a Microwave Bridge (receiver gain, 30; modulation amplitude, 2 Guass; microwave power, 20 Mw; modulation frequency, 100 kHz). After UV-irradiation at 365 nm for 5 min, a sample containing 0.1 M DMPO was transferred to a quartz capillary tube and placed in an EPR cavity. The hydrodynamic diameter and zeta-potential of NPs were measured by using a Brookhaven ZetaPlus Zeta Potential & Particle Size Analyzer (Nano Brook Omni, Brookhaven, USA).
Preparation of (gold core)@(platinum shell) nanocatalysts
The Au@Pt-NCs was synthesized according to the reports with slight modification. 30, 31 The Au@Pt-NCs with different shell thickness were prepared and named as sample 1, 2, 3, 4, 5 and 6, respectively. These Au@Pt-NCs were prepared by changing the dosages of K2PtCl6 and ascorbic acid. The total volume of the K2PtCl6, the ascorbic acid and H2O was set at 10 mL. The dosages of all materials for Au@Pt-NC synthesis are listed in Table S1 . First, gold nanoparticles (AuNPs, as the core) with an average diameter of 17.0 nm were synthesized as the seeds of synthetic Au@Pt-NCs. Second, the AuNPs (15 mL, 3.2 nM) were mixed with the K2PtCl6 solution (10 mM) and heated to 80 C. Then, the ascorbic acid solution (10 mM) was mixed with of H2O and slowly dropped into the mixture at a speed of 2 mL/min with an injection pump. The mixture was stirred for another 30 min to ensure the complete reduction of K2PtCl6. Finally, the obtained Au@Pt-NC solutions were stored at 4 C. The concentrations of Au@Pt-NCs with different monolayer equivalents of Pt were calculated to be 1.9 nM.
Detection of Cu
2+
The colorimetric detection of Cu 2+ was performed at room temperature. First, 60 μL of Cu 2+ standard solutions or sample solutions were mixed with 20 μL of D-penicillamine (40 μM) in phosphate buffer (25 mM, pH 5.0) in wells of 96-well microplate and incubated for 30 min. Then Au@Pt-NC solution (20 μL, 225 pM) was added to the wells and incubated for another 20 min. Afterwards, 100 μL of a reaction substrate containing 0.44 mM TMB and 0.62 M H2O2 in citrate buffer (40 mM, pH 4.3) was added to each well and incubated for 20 min. Then the absorption values at 650 nm (A650) were recorded by a microplate reader.
Sample pretreatment of tap water
The tap-water samples collected in our lab were filtered through 0.22 μm of membranes. After being spiked with different concentrations of Cu 2+ , the samples were tested according to the above protocol.
Results and Discussion
Choice of Au@Pt-NCs
Au@Pt-NCs with different Pt shell thicknesses were prepared using different volumes of K2PtCl6 and ascorbic acid. As the TEM images shown (Fig. S1 ), Au@Pt-NCs were all monodispersed. The catalytic activity inhibition of 6 samples by D-penicillamine was compared by measuring the absorbance at 650 nm (A650) of H2O2-TMB solutions obtained by pure Au@Pt-NCs and the mixture of Au@Pt-NCs and 10 μM D-penicillamine.
As shown in Fig. S2 , sample 1 with the slimmest Pt shell exhibited lower catalytic activity than the other 5 samples (samples 2 -5), which demonstrated almost similar catalytic activity. After being incubated with 10 μM D-penicillamine, the catalytic activites of samples 1 -4 were obviously inhibited, except the samples 5 and 6. The maximum inhibition level (defined as the difference value of A650 in the absence and presence of D-penicillamine) was obtained when sample 2 was used. Therefore, sample 2 was chosen for further study.
Characterization of AuNPs and Au@Pt-NCs
As shown in Fig. 1C , the AuNPs exhibited a strong surface plasmon resonance (SPR) peak at 520 nm (Fig. 1C) . After the AuNPs reacted with K2PtCl6 and ascorbic acid, the SPR peak was blue-shifted to 515 nm (Fig. 1C) , which indicated the presence of Pt shells on the AuNPs according to previous studies. 32, 33 Moreover, the color of the nanoparticle solution turned from wine red to light brown due to the formation of Pt shells on the AuNPs. From TEM images of AuNPs and sample 2, mono-dispersed NPs were observed (Fig. 1A) . The average size of the AuNPs was 17.0 nm and about 1.1 nm smaller than that of the sample 2 (Fig. 1B) . These results demonstrated that the Pt shell formed on the Au NP core. It was calculated that the Au@Pt-NCs had about 2 monolayers of Pt coated on the AuNPs, since the diameter of Pt atom was 0.28 nm.
Interaction between D-penicillamine, Cu 2+ and Au@Pt-NCs
The EDX spectrum of the mixture of Au@Pt-NCs and D-penicillamine showed the existence of platinum and gold (Fig. 3) , which confirmed the deposition of Pt onto the AuNP surface. The sulfur elements suggested that D-penicillamine bound onto the surface of Au@Pt-NCs due to the Pt-S bond formation between the thiol group of D-penicillamine and the Pt shell. The Au@Pt-NCs can catalyze the H2O2-TMB system to produce blue products with an absorption peak at 650 nm (A650) (Fig. 2) . It was reported that L-cysteine can inhibit the peroxidase-like activity of nanomaterials, such as AuNPs, Pt NPs/GO hybrid and mesoporous nickel oxide via the interaction of the nanoparticle surface and cysteine. 24, 34, 35 The obvious decrease of A650 demonstrated that D-penicillamine can inhibit the activity of Au@Pt-NCs (curve c in Fig. 2 ). When D-penicillamine was first incubated with Cu 2+ , and then mixed with Au@Pt-NCs, the A650 was very close to that produced by Au@Pt-NCs (curve b in Fig. 2 ). In addition, colorless solutions were found and their absorption was negligible in control experiments (curves d and e in Fig. 2 ). These results indicated that the above-mentioned system can be used to develop a colorimetric detection of Cu
2+
. The interaction of D-penicillamine, Cu 2+ and Au@Pt-NCs was further explored using TEM, dynamic laser scattering (DLS), Zeta potential and EPR. According to a report of HormoziNezhad et al., D-penicillamine showed high affinity towards the AuNPs, and can induce the aggregation of citrate-capped AuNPs via hydrogen bonding or electrostatic interactions among its amino acid groups. 36 However, the Au@Pt-NCs were dispersed rather than aggregated after being incubated with D-penicillamine (Fig. S4) . This may be due to the short incubation time and the low concentration of salt in our system.
The DLS data were consistent with that of TEM. The hydrodynamic diameters of Au@Pt-NCs, Au@Pt-NCs/ D-penicillamine and Au@Pt-NCs/D-penicillamine/Cu 2+ were very close, and from 25.5 to 26.5 nm (Fig. S5) . The zeta potentials of Au@Pt-NCs increased from -60.39 to -24.92 mV after phosphate buffer was added. However, incubation with D-penicillamine and the D-penicillamine/Cu 2+ mixture decreased the zeta potential to -38.88 and -40.48 mV, respectively. The above results demonstrated that the inhibition of the Au@Pt-NCs activity was not due to the aggregation of Au@Pt-NCs. To further elucidate the activity inhibition of D-penicillamine toward Au@Pt-NCs, hydroxyl radicals (
• OH) trapping were measured with DMPO as a spin trap by EPR. As shown in Fig. 3 , the • OH radicals generated by ultra-violet irradiation can be captured by DMPO, resulting in a strong EPR signal of DMPO-
• OH adduct (curve b). However, the Au@Pt-NCs can compete with DMPO to capture the • OH radicals, resulting in an , and then mixed with Au@Pt-NCs, DMPO and H2O2, the signal intensity of DMPO-• OH was slashed. This was beccause Cu 2+ can coordinate with the sulfhydryl group and carboxyl group of D-penicillamine, and hinder the absorbing of D-penicillamine onto the Au@Pt-NCs. 39 Optimization of the detection for Cu 2+ In order to obtain better analytical performance, the experimental conditions were optimized.
First, the concentrations of Au@Pt-NCs and D-penicillamine on the system were examined. As shown in Fig. S6 , A -A0 increased rapidly along with an increase of the Au@Pt-NCs concentrations, and then reached a plateau at 225 pM (A and A0 were the absorbance value at 650 nm when the mixture of D-penicillamine and Au@Pt-NCs was used to catalyze the TMB-H2O2 reaction in the presence and absence of Cu 2+ ions or other interference metal ions).
A -A0 increased as the D-penicillamine concentrations increased over the range of 10 -40 μM, and then decreased with 50 μM D-penicillamine (Fig. S7) . Both the pH and the concentration of phosphate buffer (PB) affected the detection of Cu 2+ . As shown in Fig. S8 , the highest A -A0 was found at pH 5.0. The maximum A -A0 appeared when the concentration of PB was 5 mM and the A -A0 gradually decreased with a further increase of the PB concentration (Fig. S9) . The incubation time of Au@Pt-NCs and D-penicillamine also demonstrated a strong effect on the detection. A -A0 increased quickly form 10 to 30 min, and then a plateau was reached (Fig. S10) .
Analytical performances
Under the optimal conditions, a linear calibration curve from 20.0 to 300 nM was obtained (A650 = 0.00124[Cu 2+ ] + 0.174, R 2 = 0.998) (Fig. 4) . The limit of detection was 3.7 nM (3σ/S, where σ is the standard deviation of the 5 blank determinations and S is the slope of the calibration curve.). Meanwhile, the color change could be easily observed just when the concentration of Cu 2+ was 20 nM. Compared with most of other colorimetric methods, our work was more sensitive 3, 15, 16, 36, [40] [41] [42] [43] [44] [45] [46] [47] (Table S2) , respectively. Then, mixtures were incubated with Au@Pt-NCs and applied to the color development reaction. The values of A -A0 are listed in Fig. 5 . The response of Au@ Pt-NCs/D-penicillamine to 300 nM Cu 2+ was distinctly larger than that of other metal ions (10 μM).
Real sample analysis
To demonstrate that our method can be used for real sample detection, tap water was collected in our lab and the Cu 2+ concentration was measured by AAS. After being spiked with different concentrations of Cu 2+ (50, 100 and 150 nM), the tap water samples were filtered through 0.22 μm of membrane and measured by our method. As demonstrated in Table 1 , the detected concentrations of Cu 2+ in the spiked samples changed non-linearly, which was probably due to a slight interference of the sample matrix. Nevertheless, the recoveries from 92.0 to 101.7% were obtained with relative standard derivations (RSD) of less than 5.0%, which demonstrated the good accuracy of this method.
Conclusions
In summary, a high sensitive colorimetric method for the 
